. We then used crosslinking to place A14-A43 and A49-A34.5 on the surface of a Pol I core model 11 . Here we report the crystal structure of Pol I, which reveals new polymerase elements and provides unexpected insights into transcription regulation.
Pol I structure
In a long-standing search for well-ordered Pol I crystals, we changed parameters in yeast fermentation, protein purification and crystallization, and eventually obtained a crystal form amenable for structure determination (Methods). Purified Pol I was active in DNA-templated RNA extension and in RNA cleavage (Extended Data Fig. 1a) . The structure was solved with phases from intrinsic zinc ions and refined at 2.8 Å resolution to an R free factor of 21.0% (Extended Data Table 2a, b). The structure comprises a Pol I dimer containing 8,681 amino acid residues, and lacks only the mobile A49 tWH domain and several surface loops.
The structure reveals the 10-subunit Pol I core and the subcomplexes A49-A34.5 and A14-A43 on opposite sides ( 
Composite active centre
Whereas Pol II contains a 'tunable' active site that is transiently complemented by the C-ribbon in TFIIS 14 , Pol I contains a 'composite' active site that comprises the A12.2 C-ribbon. The C-ribbon occludes the binding site for a-amanitin, explaining why Pol I is less sensitive to this toxin than Pol II (ref. 15 ). The A12.2 C-ribbon contains a hairpin that reaches the active site like the catalytic hairpin of TFIIS, explaining the strong RNA cleavage activity of Pol I (ref. 9) . Pol III contains a corresponding C-ribbon in its subunit C11 (ref. 16 ). The composite active site of Pol I and III enables efficient proofreading 9, 17 and termination 18, 19 . The A49-A34.5 subcomplex stabilizes A12.2 (Fig. 3c) , explaining why it stimulates A12.2-dependent 9 RNA cleavage 10 , and why it ARTICLE RESEARCH dissociates after A12.2 deletion 20 . A49-A34.5 stretches over the polymerase surface, to reach the AC40 toe domain with its positively charged A34.5 C-terminal tail (Fig. 3c, d and Extended Data Fig. 6b ). The mobile A49 tWH domain (Fig. 1b) may close over nucleic acids in the cleft 11 to increase transcription processivity 9, 21 . The A49-A34.5 subcomplex is related to the Pol II initiation factor TFIIF and to the Pol III subcomplex C37-C53, which contain similar dimerization domains located at corresponding positions [22] [23] [24] .
Expander and cleft expansion
Compared to Pol II, the active centre cleft of Pol I is expanded by 8 Å (Fig. 4 and Supplementary Video). This results from an apparent movement of the two major polymerase modules 7 , 'core' and 'shelf', which mainly comprise subunits A135 and A190, respectively (Fig. 4a, b and Extended Data Fig. 7 ). Cleft expansion differs from cleft opening by swinging of the clamp 7 , and includes a relative rotation of the core and shelf modules around an axis through the active site, similar to the ratcheting observed for bacterial RNA polymerase bound by an inhibitor protein 25 and in a paused state 26 . The expanded cleft is stabilized by the expander, which forms two a-helices in the active centre (Fig. 4c) . The expander binds the bridge helix, which is unwound in its central region (Fig. 4d ). Expander residues Asp 1385 and Asp 1388 sandwich the Pol-I-specific residue Arg 1015 in the unwound bridge helix (Fig. 4e) . The expander residue Tyr 1384 inserts between the core and shelf modules, whereas Lys 1377 reaches the aspartate loop ( Fig. 4e) .
Cleft expansion changes the active centre that lies at the core-shelf interface (Fig. 5a) . A tilting between the A190 active site domain and the A135 hybrid-binding domain alters the conformation of the catalytic aspartate loop and loop b26-b27 that emanate from these domains (Fig. 5b, c) . In the tilted conformation, binding of catalytic metal ions and the RNA 39 end as in Pol II (refs 7, 27, 28) is impossible. Cleft contraction may rearrange the active site such that the aspartate loop can bind metal ions with its residues Asp 627, Asp 629 and Asp 631, and the A135 loop b26-b27 can bind the RNA 39 end with its residues Lys 916 and Lys 924. Binding of the substrate triphosphate may differ in Pol I because the A12.2 hairpin shields the A135 residues Arg 714 and Arg 957, the counterparts of triphosphate-binding Pol II residues. The A12.2 hairpin apparently interferes with closure of the triphosphate-binding trigger loop 27, 28 , but may bind the triphosphate and position metal ion B, as suggested for the TFIIS hairpin during RNA cleavage 14 .
Connector and polymerase dimerization
The observed dimeric form of Pol I is established by mutual interactions of the expanded cleft of one polymerase with the stalk subcomplex A14-A43 (refs 9, 29) of the other polymerase, resulting in a handshake (Fig. 6 ). A14-A43 binds to the core enzyme similar to its counterparts Rpb4-Rpb7 in Pol II (ref. 30 ) and C17-C25 in Pol III (refs 24, 31) . A43 also binds a previously unobserved N-terminal a-helix in Rpb6 (Fig. 1b) , explaining the known interaction between A43 and Rpb6 (ref. 29) , and loss of A43 and Rpb6 from Pol I after A14 deletion 32 . Stalk-mediated Pol I dimerization was also observed by electron microscopy 6 , suggesting that the dimer observed in the crystal corresponds to that formed in solution.
The flexibly linked C-terminal region of A43 folds into a 'connector' that invades the cleft of the adjacent polymerase (Fig. 6a, b and Extended Data Fig. 8a) . The connector forms a helix (K5) that binds along the clamp coiled-coil, a b-hairpin (D1-D2) that binds the RNA exit path and the lid, and an acidic C-terminal tail that binds the polymerase switch regions 2 and 3 (Fig. 6a) . The connector buries 2,350 Å 2 of surface area between the two polymerases, consistent with a role in dimer stabilization. The defined structure of the connector and its specific interactions with the polymerase cleft argue that connector-mediated polymerase dimerization is functionally significant. Consistent with this, the connector cannot be accommodated in a . On the basis of a comparison with the Pol-II-TFIIF complex 22, 23 , A49 and A34.5 correspond to TFIIF subunits Tfg1 and Tfg2, respectively. The jaw-lobe module is stabilized by the A49-A34.5 subcomplex in a position close to the protrusion. d, 2F o 2 F c electron density (blue mesh, contoured at 1s) for the positively charged A34.5 C-terminal tail that contributes to A49-A34.5 binding 10 .
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modelled contracted state of Pol I, and a C-terminal truncation of A43 that deletes the connector results in thermosensitivity in vivo 29 , and is lethal when combined with other Pol I mutations 33 .
Transcription regulation
Pol I dimerization inhibits assembly of the transcription initiation complex because it occludes the binding sites for the Pol I initiation factors Rrn3 (refs 29, 34) and Rrn7 (refs 34-36) (Fig. 6c) . Pol I dimers and monomers are in a concentration-dependent equilibrium in vitro (Extended Data Fig. 1b ), but also monomers are predicted to be inactive because the expander overlaps with the binding sites for the DNA template strand and RNA (Fig. 4f) . The expander binds the cleft of Pol I in solution, as shown by extensive crosslinking 11 (Extended Data Fig. 8d ). The expander interferes with DNA loading in the active View is from the top 7 , but rotated by 30u towards the front view. d, 2F o 2 F c electron density (blue mesh, contoured at 1.3s) for the bridge helix (green) reveals a central, unwound region. At the bottom, a comparison of the bridge helix in Pol II (orange), aligned on the core module side, reveals an expansion by 6 Å (arrow). View from the front as in Fig. 1 . e, The expander (raspberry) stabilizes the unwound central bridge helix (green). View as in c. f, Binding of the expander and the DNA-RNA hybrid in the active centre are mutually exclusive. Superposition of the Pol I structure with the Pol II elongation complex structure (PDB code 1Y1W) reveals clashes between the expander (raspberry) and the DNA template strand (blue) and the RNA transcript (red). 
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centre, because Pol I shows only weak de novo RNA synthesis from a tailed DNA template, in contrast to Pol II, which is much more active (Extended Data Fig. 1c ). Consistent with a regulatory role of the expander, its deletion does not lead to a growth defect in vivo (not shown).
Pol I initiation thus requires (1) release of the connector, to generate monomers and enable Rrn3 and Rrn7 binding, (2) release of the expander, to enable DNA loading, and (3) cleft contraction, to induce a catalytically competent conformation of the active centre and enable RNA synthesis. The resulting mature DNA-RNA hybrid excludes the expander from the active centre during elongation, because Pol I is as active as Pol II when provided with a mature hybrid (Extended Data  Fig. 1a) .
This model for regulated Pol I initiation agrees with known functional data. First, Pol I dimers from yeast extracts are inactive in transcription 37, 38 . Second, when the connector is unavailable for Pol I dimerization, owing to a fusion with Rrn3, Pol I regulation is impaired in vivo 3 . Third, A43 phosphorylation apparently counteracts Pol I dimerization and promotes Rrn3 binding, because (1) A43 binds Rrn3 (ref. 29) and is phosphorylated in Pol I-Rrn3 complexes 39 , (2) A43 phosphorylation sites 40 at Ser 208, Ser 220, Ser 262/263 and Ser 285 are exposed in our structure and face Rrn3 (ref. 34) , and (3) Pol I dephosphorylation prevents Rrn3 binding and results in low transcription activity 39 , and extracts from non-growing cells lack active Pol-IRrn3 complexes 38 . The same regulatory mechanism apparently exists in multicellular eukaryotes, because the expander is well conserved, and the connector is partially conserved (Extended Data Fig. 8b, c) . Consistent with this, inactive human Pol I may be dimeric, whereas human Pol I complexes containing the Rrn3 homologue transcription initiation factor-IA (TIF-IA) are active 41 . Like Rrn3, human TIF-IA binds A43 (ref. 42 ), which may be dephosphorylated during the cell cycle by the Cdc14 phosphatase that inhibits Pol I (ref. 43 ).
Conclusions
The Pol I structure enables a detailed structure-function analysis of rRNA production, the first step in ribosome biogenesis. It also elucidates the evolution of related cellular RNA polymerases. Pol I and III apparently acquired a composite active site for intrinsic RNA proofreading, 39 processing, and chain termination, to enable accurate, high-level production of stable RNA products. The composite active site probably impairs extensive RNA backtracking because the binding site for backtracked RNA 44 is occupied by A12.2. Further backtracking may occur during termination and enable cleft expansion and hybrid release, as suggested for the bacterial enzyme 45 and for Pol III (ref. 46) . By contrast, the tunable active site of Pol II allows for accommodation of backtracked RNA in the pore, Pol-II-specific regulation during the elongation phase, and 39 RNA processing on the polymerase surface by the machinery for pre-mRNA cleavage and polyadenylation.
The most intriguing finding from this work, however, relates to a possible general mechanism of transcription regulation. We observe an expanded, inhibited conformation of a eukaryotic RNA polymerase that resembles a conformation of bacterial RNA polymerase associated with inactive states 25, 26 . Because the polymerase core is highly conserved, all cellular RNA polymerases can probably interconvert between an expanded inactive state and a contracted active state. State conversion will change the catalytic properties of the enzyme, because the active site is formed at the interface between the mobile core and shelf modules. Only the contracted state contains the active site in a catalytically competent conformation and binds the hybrid tightly. The conversion between polymerase states may be regulated allosterically by factors that bind at the interface of the core and shelf modules. Factors may bind in the pore, as observed for TFIIS 14 and Gfh1 (ref. 25) , or near the RNA exit channel, as observed for Rrn3 (refs 29, 34) , the Pol II initiation factor TFIIB that stimulates RNA chain initiation allosterically 47 , and the Pol II coactivator Mediator 48 . The bacterial regulator catabolite activator protein 49 and the growth regulator ppGpp also bind at the RNA exit channel, and the latter was suggested to influence polymerase activity by modulating the coreshelf interface 50 .
METHODS SUMMARY
A S. cerevisiae strain with a C-terminal affinity-purification tag on A190 was grown in a 200 l fermenter. Endogenous Pol I was prepared as described 9 with several modifications (Methods). Crystals were grown by vapour diffusion at 20 uC using 10% PEG 4000, 300 mM ammonium acetate, 50 mM HEPES, pH 7.5, and 5 mM TCEP as precipitant, and improved by microseeding in 8% PEG 4000, 300 mM ammonium acetate, 50 mM imidazole, pH 7.0, and 5 mM TCEP. Diffraction data were collected under cryo-conditions at Swiss Light Source beamlines PX1 and PX2, and at European Synchrotron Radiation Facility beamlines ID23-1 and ID29 using Pilatus 6M detectors. The structure was solved by multiwavelength anomalous diffraction from 14 intrinsic zinc ions in the Pol I dimer. Solvent flattening, non-crystallographic symmetry averaging, and phase extension to 2.8 Å resolution led to a detailed electron density map that allowed building and refinement of an atomic model.
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